ABSTRACT
The control of calcium signaling between plasma membrane dihydropyridine receptors (DHPRs or L-type calcium channels) and ryanodine receptors (RyRs or calcium release channels) located in the endoplasmic/sarcoplasmic reticulum (ER/SR) underlies a broad array of functions including skeletal muscle contraction, cardiac performance, arteriole tone, neurosecretion, synaptic plasticity, and gene regulation. It has long been appreciated that DHPR activation of RyRs and subsequent calcium release from intracellular stores represents a key event in the control of these processes. In excitable cells, DHPRs trigger the release of intracellular calcium by promoting the opening of nearby RyRs (termed orthograde coupling).
Interestingly, the signaling interaction between DHPRs and RyRs is often bidirectional such that the calcium-conducting activity of DHPR channels is also regulated by its interaction with the RyR (termed retrograde coupling). Recent data indicate that skeletal, cardiac, and neuronal cells utilize fundamentally distinct DHPR/RyR bi-directional coupling mechanisms (chemical and mechanical) in order to control the efficiency, fidelity, and activity of each of these two essential calcium channels. This review will focus on evaluating the nature and molecular determinants of these coupling mechanisms, as well as the extent to which excitable cell function is influenced by bi-directional DHPR/RyR calcium signaling.
INTRODUCTION
In muscle cells, the process whereby depolarization of the muscle plasma membrane (i.e. an action potential) leads to an increase in intracellular Ca 2+ , ultimately resulting in muscle contraction is referred to as excitation-contraction (EC) coupling. In both cardiac and skeletal muscle, dihydropyridine receptors (DHPRs) (also known as L-type calcium channels or L-channels) link sarcolemmal depolarization to the rapid release of calcium ions through calcium release channels (also termed ryanodine receptors or RyRs) located in the terminal cisternae of the sarcoplasmic reticulum (SR). Over the past quarter century, considerable effort has focused on the nature of the signal transmission by which cardiac and skeletal muscle DHPRs trigger the opening of SR calcium release channels (DHPR-to-RyR signaling or orthograde coupling). In cardiac muscle, the prolonged ventricular action potential duration results in significant calcium influx through cardiac L-type calcium channels (1-3). This calcium influx subsequently activates nearby SR calcium release channels via a calcium-induced-calcium-release (CICR) mechanism (1,2,4). Thus, the mechanism of signal transmission in cardiac muscle is believed to predominantly involve a chemical signal (i.e. calcium). On the other hand, calcium influx through L-type calcium channels is not required for skeletal muscle contraction (5) and muscle contraction persists even in the complete absence of extracellular calcium (6). Rather, skeletal muscle DHPRs function as voltage sensors for EC coupling by providing a physical, possibly direct, link between sarcolemmal depolarization and the release of calcium from the sarcoplasmic reticulum (7).
Thus, the triggering mechanism of skeletal muscle EC coupling is thought to be primarily mechanical in nature (8,9).
In the process of investigating the molecular mechanisms of orthograde coupling, recent results have revealed that signaling between DHPR and RyR proteins is bi-directional in cardiac muscle, skeletal muscle, and (Left). In unstimulated cardiac ventricular myocytes, L-type calcium channels (DHPR, red) and SR calcium release channels (RyR2, green) are in a closed state.
For clarity, calcium ions originating from extracellular (black) and intracellular release sites (magenta) in Figures 1-3 are depicted using different colors. (Middle) Sarcolemmal depolarization during the ventricular action potential causes conformational changes in the DHPR that result in L-channel opening and the rapid influx of extracellular calcium.
Influx of extracellular calcium triggers the opening of nearby SR calcium release via calcium-induced-calcium-release (orthograde coupling). Calcium released from the SR promotes both activation of the myofilaments, calcium-induced L-channel inactivation, and a subsequent reduction in further calcium influx and CICR (negative retrograde coupling).
neurons. Accordingly, the calcium conducting activity attributable to the DHPR is strongly influenced by a functional association with its respective RyR. The ability of the presence/activity of the RyR to alter DHPR channel behavior (RyR-to-DHPR signaling) is referred to as retrograde coupling (10). The balance of this review will focus on recent advances made in understanding the molecular and mechanistic nature of bi-directional coupling between DHPRs and RyRs in cardiac muscle, skeletal muscle, and neurons. Wherever possible, the following sections will discuss the current state of knowledge with regard to three central questions: 1) What is the nature of the bi-directional signal (chemical and/or mechanical)? 2) What regions of the DHPR and RyR proteins are required for bi-directional coupling? 3) What role does retrograde coupling play in regulating excitable cell function?
CHEMICAL CROSS-TALK
3.1 Bi-directional calcium signaling in cardiac muscle 3.1.
Orthograde coupling in cardiac muscle
It has now been more than 15 years since the classic work by Fabiato (1,4,11) demonstrated that a rapid rise in intracellular free calcium is able to trigger a concentration-dependent release of calcium from the SR and that this release could be blocked by ryanodine. As a result of these experiments, Fabiato surmised that rapid and local calcium influx through voltage-gated L-type calcium channels triggers a larger release of calcium from the SR via a calcium-induced-calcium release (CICR) mechanism. Since the pioneering work of Fabiato, numerous other groups have confirmed that CICR represents the primary mechanism of orthograde coupling in cardiac muscle. Measurements of spontaneous and localized calcium release events (calcium sparks), first recorded by Cheng and colleagues (1993) , demonstrated that CICR in cardiac myocytes occurs within discrete calcium microdomains (12). More recently, elegant experiments conducted by Wang et al. (2001) demonstrated that calcium influx through a single L-channel opening is sufficient to trigger the opening of ~4-6 ryanodine receptors, and thereby, lead to the generation of a localized calcium spark (13). Thus, orthograde coupling in cardiac muscle is widely believed (but see section 6 below) to involve a chemical signal (i.e. calcium ions) transmitted from sarcolemmal DHPRs to the cardiac isoform of the RyR (RyR2) that occurs within a limited structural and functional calcium microdomain (Figure 1 ).
Although calcium activation of RyR2 is thought to result from the binding of calcium to a specific site(s) within the RyR homotetramere (14), the precise molecular determinants of the high affinity calcium activation site(s) has yet to be determined. Recent site-directed mutagenesis studies indicate that a highly conserved glutamate residue within the putative transmembrane segment M2 (according to the topological model of 15) of the neuronal (RyR3) (16) and cardiac (RyR2) RyR isoforms (17) contributes to a well-conserved high affinity calcium sensor. Accordingly, substitution of an alanine residue for the conserved glutamate residue at this location in rabbit RyR3 (E3885A) reduces the sensitivity for calcium activation of the release channel by ~10,000-fold (16). Alanine substitution for the conserved glutamate residue in mouse RyR2 (E3987A) caused >1,000-fold reduction in release channel sensitivity to activation by calcium (17).
Although alanine substitution of the corresponding glutamate residue in the skeletal muscle isoform of the RyR (RyR1) also reduces release channel sensitivity to activation by calcium (18), this effect may arise from alterations in the proper folding of the RyR transmembrane assembly in a manner that results in a global insensitivity of the release channel to activation by various agonists, including calcium (19, 20) . Clearly, further work will be required to more completely characterize the structural determinants for calcium activation of the RyR and to what degree the mechanism for calcium activation is conserved across the three different RyR isoforms.
Retrograde coupling in cardiac muscle
Since the early work of Brehm and Eckert (1977) (21), it has become widely appreciated that L-type calcium channels, particularly those in cardiac muscle (22-24), exhibit prominent calcium dependent inactivation. Since a localized calcium microdomain between DHPR and RyR proteins mediates orthograde coupling (DHPR-to-RyR coupling) in cardiac muscle (12), it follows that this same calcium microdomain may in turn regulate calcium dependent inactivation of the cardiac L-channel during EC coupling. According to this idea, calcium released from the sarcoplasmic reticulum would act as a negative feedback mechanism for cardiac EC coupling by promoting Lchannel inactivation, and thereby, reducing subsequent calcium influx and release (25) (Figure 1) . Support for such a "negative retrograde feedback mechanism" in cardiac EC coupling was first provided by experiments conducted by Morad and colleagues (26-28). These experiments revealed that calcium released from the SR promotes L-channel inactivation even when global calcium transients were eliminated by introduction of high concentrations of high affinity calcium buffers. Under these conditions, the majority of calcium ions would be bound before having diffused ~50 nm away from the site of release (27). Consequently, L-channel inactivation that occurs as a result of SR calcium release must arise from local, rather than global, calcium signaling.
Recent results clearly indicate that calmodulin acts as a Ca 2+ sensor for calcium-dependent inactivation and facilitation of cardiac L-channels (29-31). The molecular determinants for Ca 2+ -dependent inactivation and facilitation of cardiac L-channels involve the proximal region of the cytoplasmic C-terminus of α 1C , which contains a putative Ca 2+ binding EF hand motif, an IQ-like domain, and a CaM-binding (CB) domain (29-32). In addition to effects on inactivation and facilitation, the Cterminal region of α 1C also regulates cardiac L-channel targeting (33-36), conductance, and open probability (35). Although calcium flux through one L-channel can facilitate the inactivation of an adjacent L-channel (37), ~70% of Lchannel inactivation that occurs during EC coupling in rat ventricular myocytes arises from calcium released from the SR (27). The somewhat surprising preference of L-channel inactivation for calcium released from the SR rather than calcium flux through the L-channel itself presumably arises from the higher abundance and larger single channel conductance of RyRs compared to DHPRs (27). As a consequence, calcium ions entering the cell through cardiac L-channels activate ryanodine receptors to release an even greater amount of calcium from the SR such that the released calcium serves a more important role in inactivating sarcolemmal L-channels than calcium flux through the L-channels themselves. Alternatively, it is conceivable that the calmodulin-binding region of the α 1C C-terminus resides closer to RyR2 pore than the pore of the L-channel. In either case, retrograde calcium signaling in cardiac muscle serves to fine-tune the gain of EC coupling. Consequently, the close physical association between DHPRs and RyRs in cardiac muscle creates a bi-directional calcium signaling microdomain such that calcium flux through one channel modifies the functional behavior of the other channel (Figure 1, Figure 1 .avi).
The functional components of the calcium signaling microdomain in cardiac muscle may extend beyond the reciprocal interaction between sarcolemmal DHPRs and RyRs of the SR. Electron microscopic studies of rat ventricular muscle indicate that junctions between ttubules and individual SR calcium release channels are located in close proximity (from 37 to 270 nm) to mitochondria (38). These morphological observations suggest that temporal dynamics of the DHPR-RyR calcium microdomain may be influenced by nearby mitochondrial calcium transport mechanisms. Support for this hypothesis comes from the observation that blockade of mitochondrial calcium uptake mechanisms significantly delays the recovery from frequency-dependent inactivation of cardiac L-type calcium channels that occurs during EC coupling, particularly at high stimulation frequencies (39). These observations suggest that mitochondrial clearance of calcium from the DHPR-RyR microdomain limits the accumulation of L-channel inactivation during EC coupling (39), and therefore influences the degree of retrograde negative feedback (RyR-to-DHPR signaling) in cardiac muscle. It will be important for future work to determine whether bi-directional coupling between cardiac DHPRs and RyRs are altered in response to regulatory factors (e.g. PKA) and under various pathophysiological conditions (e.g. hypertrophy and heart failure).
Bi-directional calcium signaling in skeletal muscle
It has long been appreciated that influx of extracellular calcium through voltage-gated L-type calcium channels is not required for SR calcium release in skeletal muscle (5,6,40). Rather, depolarization of the skeletal muscle sarcolemma induces voltage-driven conformational changes in the DHPR that are recorded as intramembrane charge movement that precede L-channel opening (41,42). These voltage-driven charge movements presumably gate the opening of skeletal muscle RyRs (RyR1s) in the SR via a mechanical, possibly direct, link between the two proteins (7). Thus, under normal circumstances, bi-directional chemical signaling between DHPRs and RyRs does not occur in mammalian skeletal muscle.
However, components of bi-directional chemical signaling in skeletal muscle may occur under some conditions. For example, calcium influx through DHP-sensitive L-channels may contribute to the force of contraction during tetanic stimulation (43), the regulation of gene expression (44,45), or metabolic stabilization of skeletal muscle acetylcholine receptors (46). In frog skeletal muscle, intramembrane charge movements attributable to the activation of sarcolemmal DHPRs exhibit two distinct kinetic components: 1) an early component (Q β ) that decays exponentially and 2) a late component (Q γ ) that appears as a "hump" at the base of Q β (see ref. 8,47 for reviews). Rios and colleagues have suggested that Q β reflects gating current of the voltage sensor induced by depolarization of the sarcolemma and Q γ ? arises at least in part from an increase in sarcolemmal surface potential introduced by local changes in intracellular calcium that occur during SR calcium release (8). In this way, calcium release could promote further activation of the voltage sensor (positive feedback) and result in additional SR calcium release (48). However, while calcium released during EC coupling clearly influences voltage sensor activity (via a retrograde chemical signal) in amphibian muscle, similar effects are not observed in mammalian skeletal muscle.
MECHANICAL CROSS-TALK 4.1. Mechanism of bi-directional coupling in skeletal muscle
Over the years, several different mechanisms have been proposed to account for how changes in t-tubule membrane potential trigger calcium release from the SR in skeletal muscle (see 8,47 for excellent reviews). These mechanisms have included (among others) calcium influx dependent activation of RyR1, activation of calcium release by inositol trisphosphate, and mechanical coupling between the DHPR and RyR1. It is beyond the scope of this review to present a comprehensive evaluation of each of these ( Middle) Sarcolemmal depolarization causes conformational changes in the DHPR that result in rapid DHPR gating charge movements and a mechanical activation of RyR1 that in independent of the influx of extracellular calcium (orthograde coupling) (5,6). (Right) The activation or opening of the skeletal L-channel and influx of extracellular calcium occurs very slowly (shown here to be mediated by a sluggish, spring-loaded activation gate), only after SR calcium release has already been maximally activated.
(B) RyR1 promotes the calcium-conducting activity of the skeletal muscle DHPR (positive retrograde coupling). In dyspedic myotubes, which lack RyR1 proteins, the absence of an interaction between the DHPR II-III loop and RyR1 causes global conformational changes in the L-channel complex (shown as a tilting in the transmembrane segments) (57) (left). Lchannels in dyspedic myotubes continue to undergo voltage-driven conformational changes that produce charge movements following depolarization, but are unable to activate SR calcium release and exhibit significant alterations in the functional properties of L-channel (conductance, kinetics, divalent permeation, and modulation by DHPs) (50,55).
hypotheses. However, the demonstration in skeletal muscle of a clear fixed stoichiometry and ordered alignment of sarcolemmal DHPR and RyR proteins of the SR in elegant morphological studies (49) and strong correlations between the presence and properties of charge movements and SR calcium release in physiological experiments (41,42) provides compelling support for the mechanical coupling hypothesis (Figure 2 ).
The recent observation that the calcium conducting activity of skeletal muscle DHPRs is strongly dependent upon the presence of RyR1 provides additional support for a direct interaction between these two proteins (10,50).
This finding was originally based on the observation that skeletal myotubes derived from mice homozygous for a disrupted RyR1 gene (RyR1 knockout or dyspedic mice) lack both voltage-gated SR calcium release (DHPR-to-RyR1 or orthograde coupling) and robust voltage-gated L-type calcium currents (RyR1-to-DHPR or retrograde coupling) (10) (Figure 2b ). The low level of Lcurrent in dyspedic myotubes does not arise from an absence of DHPR expression since dyspedic myotubes exhibit both significant DHP binding (51,52) and voltagedriven intramembrane charge movements (53). Moreover, freeze fracture studies reveal that surface membranes of dyspedic myotubes exhibit clusters of unordered (i.e. nontetradic) DHPRs within sarcolemmal/SR junctions (54). Finally, expression of RyR1 proteins in dyspedic myotubes is sufficient to restore both voltage-gated SR calcium release and high density L-type calcium current (55) in the absence of a change in the magnitude of intramembrane charge movement (but see ref. 53). As a result, RyR1 expression increases the ratio between maximal L-channel conductance and charge movement (G max /Q max ), indicating that uncoupled DHPRs function poorly as calciumpermeable L-channels. Thus, RyR1 functions not only as an effector that is activated by the DHPR, but also as a transducer that delivers a retrograde signal that enhances Lchannel activity (Figure 2 ).
The precise mechanism (chemical or mechanical) for the retrograde signal from RyR1 to the DHPR in skeletal muscle is still unclear. Feldmeyer et al. (1993) found that calcium release from the SR augments L-type calcium channel activity in frog skeletal muscle (56) . However, the lack of SR calcium release in dyspedic myotubes is unlikely to account for the observed reduction in L-current magnitude since: 1) robust L-currents persist even under recording conditions (40 mM BAPTA and no ATP) in which voltage-gated calcium transients are abolished (57) , 2) L-currents are augmented by agents that inhibit SR calcium release and attenuated by agents that activate calcium release (58) in murine skeletal myotubes, and 3) retrograde coupling is restored following expression of RyR1 mutants that lack depolarization-induced SR calcium release (e.g. I4897T [59] or C4958S [K. G. Beam, personal communication] ). Thus, in contrast to cardiac muscle, retrograde coupling in skeletal muscle involves a positive feedback signal that is not conveyed by calcium released from the SR. Rather, the mechanism of retrograde coupling in skeletal muscle is likely to involve an allosteric modulation of L-channel activity that results from the DHPR/RyR1 mechanical interaction that underlies orthograde coupling (50,55,57) (Figure 2b ).
There is considerable precedence for bidirectional coupling mediated by a mechanical interaction between two signaling partners. One needs only look at well-established paradigms for receptor/G-protein signaling for analogies with regard to how direct interactions between signaling partners result in bi-directional control of the efficiency, fidelity, and functional activity of each molecule. For example, the binding of Gαq to PLC-β1 following agonist stimulation leads to both activation of PLC-β1 and an increase in the intrinsic GTPase activity of Gαq (60) . Consequently, the catalytic activities of both PLC-β1 and Gαq are reciprocally controlled by a direct interaction between these two signaling proteins. In an analogous manner, the "catalytic activity" of skeletal muscle DHPRs and RyR1s (i.e. their ability to promote the movement of calcium ions from one compartment to another) may similarly be promoted by a physical interaction between the two proteins. One way in which such a mechanical interaction could promote DHPR calcium conductance is if RyR1 acts analogous to that of a conventional calcium channel accessory subunit that stabilizes global conformations of the L-channel that result in increased channel activity upon activation (50). For example, β-subunits augment calcium influx through activated L-channels by increasing L-channel surface expression (61, 62) , enhancing channel open probability (63, 64) , promoting the coupling between charge movements and channel opening (63) , and by accelerating channel gating kinetics (62) . The recent observations that RyR1 not only influences L-channel current magnitude (50,55), but also DHPR expression (50,53), activation kinetics, modulation by DHP agonists, and divalent conductance (50) supports the notion that RyR1 is an important allosteric modulator of the skeletal L-channel.
Although a direct DHPR/RyR1 physical interaction represents a parsimonious mechanism for both orthograde and retrograde coupling in skeletal muscle, other mechanisms for retrograde coupling in skeletal muscle have yet to be excluded. For example, mechanical DHPR/RyR1 coupling may depend on or be facilitated by an intermediary protein(s). Alternatively, the presence of RyR1 in the junction may produce a messenger other than calcium or alter the local chemical environment (e.g. redox state) in a manner that influences DHPR function. Finally, the expression of RyR1 proteins in the SR could conceivably promote α1 association with accessory subunits (e.g. β 1a ), which serves to enhance L-channel open probability (55) . Clearly, more work will be required before more definitive conclusions can be made with regard to the molecular mechanism of retrograde coupling in skeletal muscle.
Structural determinants of orthograde coupling in skeletal muscle
Following a series of classic experiments conducted almost thirty years ago, Chandler and colleagues (7, 65, 66) proposed that charge movements associated with the t-tubule voltage sensor directly control calcium release from the SR via a mechanical linkage. Ever since this pioneering work, numerous laboratories have attempted to characterize the molecular determinants of this linkage. The identification of specific regions within the DHPR and RyR1 proteins that mediate orthograde and retrograde coupling is essential because such information would provide: 1) compelling confirmation for the mechanical coupling hypothesis, 2) insight into possible mechanisms of mechanical coupling between other surface membrane and intracellular ion channels (e.g. store-operated Ca 2+ channels and IP 3 receptors), and 3) critical insight into how mutations within specific regions of the DHPR and RyR1 proteins results in altered EC coupling efficiency and muscle dysfunction (e.g. malignant hyperthermia and central core disease).
A major breakthrough in identifying the structural determinants of bi-directional coupling came 15 years ago with the cloning of the α1-subunit of the skeletal muscle DHPR by Tanabe et al. (1987) (67) and the observation by Beam et al. (1986) (68) that myotubes derived from dysgenic mice lack slowly-activating L-type calcium currents. Subsequent collaborations between these two groups lead to the demonstration that: 1) introduction of the skeletal muscle DHPR α1-subunit into dysgenic myotubes restores skeletal-type (calcium influx independent) EC coupling, slowly-activating L-currents (69), and intramembrane charge movements (41) 2) introduction of the cardiac muscle DHPR α1-subunit into dysgenic myotubes reconstitutes both cardiac-type (calcium influx-dependent) EC coupling and cardiac-like, rapidlyactivating L-currents (70) , and 3) a chimeric DHPR of cardiac origin except for skeletal sequence for the intracellular loop connecting the second and third transmembrane repeats (II-III loop) exhibits skeletal-type EC coupling and rapidly-activating L-currents (71) . These results demonstrated that the intracellular II-III loop plays an obligatory role in orthograde coupling between the skeletal muscle DHPR to RyR1 and that differences in skeletal and cardiac L-channel activation kinetics are determined by the identity of the DHPR transmembrane repeats (72) .
Subsequent work focused on narrowing down regions within the II-III loop of the skeletal muscle DHPR that are responsible for orthograde coupling. Chimeric dissection of the II-III loop and expression in dysgenic myotubes identified a minimal region in the middle of the II-III loop (CSk48; skeletal residues 725-742) that supported weak skeletal type EC coupling (i.e. calcium influx-independent calcium release was observed in some cases) (73) . A slightly larger region of skeletal identity (CSk53; skeletal residues 720-765) produced strong skeletal type EC coupling (i.e. calcium influx-independent calcium release was observed in all cases) (73) .
Investigations of the effects of synthetic peptides derived from regions of the DHPR II-III loop on RyR1 activity assessed using various in vitro approaches (e.g. The combined strengths of studies conducted on purified DHPR peptides in isolated systems and the expression of chimeric DHPRs in intact dysgenic myotubes clearly indicate that the intracellular II-III loop of the skeletal muscle DHPR plays an essential role in mediating orthograde coupling in skeletal muscle. Other regions of the skeletal muscle DHPR also influence the function and/or targeting of junctional DHPR and RyR1 proteins. For example, a series of reports from Coronado and colleagues have demonstrated that binding of the DHPR β 1a -subunit to the I-II intracellular loop of the α 1S -subunit is required for the proper targeting of the α 1S -subunit to the membrane (87, 88) and that a 35-amino acid region of the C-terminus of β 1a facilitates voltage-gated SR calcium release either by promoting the interaction between DHPR and RyR1 or by contributing to the orthograde signal that activates the release channel during depolarization (89) . In addition, a region of the C-terminus of the α 1S -subunit (including amino acids 1607-1610) that is proximal to a putative truncation site mediates triad targeting of the skeletal muscle DHPR (36,90). Interestingly, this triad targeting domain resides immediately downstream of a region of the α 1S -subunit C-terminus that has been shown to interact strongly with a calmodulin binding domain in RyR1 (3609-3643) (91) . However, a functional role for the interaction between the C-terminus of the α 1S -subunit and RyR1 has yet to be unequivocally established. Similarly, reported that the III-IV linker of the DHPR α 1S -subunit interacts with a specific region of RyR1 (954-1112) (92) , though the functional implications of this putative interaction remain unknown.
Much less information is available with regard to the regions of the RyR that mediate orthograde coupling. Functional expression of the cardiac isoform of the RyR (RyR2) in dyspedic myotubes restores neither orthograde nor retrograde coupling (93) . Thus, specific regions within both the DHPR and RyR1 proteins encode bi-directional DHPR/RyR coupling in skeletal muscle. Expression of RyR1/RyR2 chimeras in dyspedic myotubes identified a region within RyR1 (R10; 1635-2636) that supports both orthograde (calcium influx-independent calcium release) and retrograde (robust slowly-activating calcium currents) coupling, while an adjacent region (R9; 2659-3720) of RyR1 supported only retrograde coupling (94) . However, in a preliminary report, Protasi et al (2001) found that chimeras containing either the R9 region or a smaller region with R10 (R16; 1837-2154) were sufficient to restore weak skeletal-type EC coupling and DHPR tetrads following expression in 1B5 myotubes (a myogenic cell line that lacks RyR proteins) (95) . These studies indicate that functional domains within RyRs may be comprised of residues derived from very different regions of the primary sequence that are brought together by appropriate protein folding of the tetramere (94, 95) . As a consequence, interpretations of data obtained using the chimeric approach applied to RyRs may not be as straightforward as has historically proven to be the case for DHPRs. Such limitations will provide exciting challenges for future work designed to more precisely determine the essential structural domains within different RyR isoforms.
Structural determinants of retrograde coupling in skeletal muscle
The identification of multiple regions within the skeletal muscle DHPR that potentially interact with RyR1 raises the question of whether or not the critical region within the DHPR II-III loop that is essential for transmitting an orthograde signal during EC coupling is also responsible for receiving a retrograde signal from RyR1. Grabner et al. (1999) addressed this question by expressing in dysgenic myotubes chimeric GFP-tagged DHPR constructs containing the entire (or portions of the) cardiac II-III loop in an otherwise skeletal DHPR background (57) . Dysgenic myotubes expressing a skeletal DHPR with the entire cardiac II-III loop (SkLC) exhibited large DHPR-mediated intramembrane charge movements but lacked voltage-gated SR calcium release and large slowly-activating L-currents.
Thus, SkLC-expressing dysgenic myotubes were similar to dyspedic myotubes in that both orthograde and retrograde coupling were absent under both conditions. Substitution of the 46 amino acid segment of the skeletal muscle DHPR II-III loop shown by As is the case with orthograde coupling, much less is known with regard to the regions of RyR1 that are critical for transmitting the retrograde signal to the DHPR. As discussed in Section 4.2, expression of RyR2 into dyspedic myotubes restores neither orthograde (calcium influx-independent calcium release) nor retrograde (enhanced skeletal muscle L-channel activity) coupling (93) . In addition, experiments in which RyR1/RyR2 chimeras were expressed in dyspedic myotubes indicates that two separate regions within RyR1 (R10; 1635 -2636 and R9; 2659 -3720) are sufficient to support retrograde coupling (94) and a 318 amino acid subregion within R10 (R16; 1837 -2154) is also sufficient to restore weak DHPR/RyR coupling (95) . Since the R9, R10, and R16 regions of RyR1 are each capable of at least partially restoring DHPR channel activity, no single region within RyR1 is obligatorily required for retrograde coupling. Rather, the results to date suggest that two or more regions from different parts of the RyR1 primary sequence may come together in the folded protein to form an interaction domain for the critical region of the DHPR II-III loop (94, 95) .
BI-DIRECTIONAL CROSS-TALK IN NEURONS
The current state of knowledge regarding the functional role of bi-directional coupling between dihydropyridine receptors and ryanodine receptors in neuronal tissue is still in its infancy. However, many types of neurons express different isoforms of both L-type calcium channels and ryanodine receptors. Calcium influx through neuronal L-channels is known to promote activitydependent gene expression through recruitment of specific calcium-dependent transcription factors, such as CREB (96, 97) and NF-Atc4 (98) . Knockout mice that lack the gene for the ubiquitously expressed isoform of the ryanodine receptor (RyR3) exhibit enhanced long-term potentiation and spatial learning suggesting that neuronal ryanodine receptors may inhibit synaptic plasticity (99) . Considering these observations, recent evidence demonstrating bi-directional chemical and mechanical coupling between DHPRs and RyRs in neurons (100-102) suggests that orthograde and retrograde DHPR/RyR signaling may regulate neuronal gene expression and/or synaptic plasticity. Hashii et al. (2001) reported that intracellular cyclic ADP-ribose (cADPR) amplifies bi-directional calcium signaling between RyRs and DHP-sensitive calcium channels in NG108-15 cells neuroblastoma x glioma hybrid cells (101) . In this study, depolarizationinduced calcium release through RyRs (DHPR-to-RyR or orthograde signaling) was larger in cADPR-dialyzed cells. This potentiation was mimicked by β-NAD + (a cADPR precursor), blocked by 8-bromo cADPR (a cADPR competitive antagonist), and antagonized by ryanodine and FK-506. In addition, Mn 2+ quench assays indicated that calcium influx through DHP-sensitive calcium channels were augmented in cADPR-and β-NAD + -dialyzed cells (positive RyR-to-DHPR or retrograde signaling). The increase in DHP-sensitive Mn 2+ influx was attributed to an effect of cADPR on RyRs rather than L-type calcium channels because the cADPR-induced enhancement in Mn 2+ influx was inhibited by pretreatment with either ryanodine or the immunosuppressant FK506. The authors concluded that cADPR modulates neuronal calcium signaling by amplifying the degree of bi-directional coupling between DHPRs and RyRs (101,102) (Figure 3 ). It will be important for future work to confirm this hypothesis by more directly assessing the impact of cADPR on the magnitude, voltage-dependence, and kinetics of macroscopic L-type calcium currents (rather than Mn 2+ quench) in the presence and absence releasable calcium stores in patch clamped NG108-15 cells.
Although the results obtained from NG108-15 cells are provocative, several essential questions remain to be resolved. For example, while cADPR may sensitize neuronal RyRs to activation by calcium, it is unclear whether cADPR modifies RyR activity by directly binding to the RyR, binding to a RyR-associated accessory protein, or altering the content of intracellular calcium stores (102, 103) . In addition, the nature (chemical and/or mechanical) of the bi-directional signaling interaction controlled by cADPR has yet to be rigorously evaluated. While the orthograde signal in NG108-15 cells is likely to involve calcium influx through voltage-gated L-channels, the role of mechanical DHPR/RyR coupling cannot be ruled out since similar experiments conducted in the absence of extracellular calcium have yet to be reported. The retrograde (RyR-to-DHPR) signal could be mediated by calcium released through RyRs, a depletion-operated mechanism, or a (direct or indirect) mechanical interaction between DHPR and RyR proteins (102) . Interestingly, a tight functional, and ryanodine-sensitive signaling from RyRs-to-DHPRs (positive retrograde coupling), possibly arising from a direct physical interaction, has also been demonstrated in cerebellar granule cells (100). However, ( Bottom Left) Depolarization that occurs in the absence of cADPR results in calcium influx through voltage-gated L-type calcium channels and minimal RyR-mediated calcium release (orthograde coupling). (Bottom Right) The presence of cADPR hypersensitizes RyR release channels such that depolarization-induced activation of the DHPR results in both calcium influx and a large increase in RyR-mediated calcium release (enhanced orthograde coupling). Enhanced calcium release though sensitized RyR channels induces promotes greater calcium entry though voltage-gated Ltype calcium channels (positive retrograde coupling) and additional CICR. The precise mechanistic nature (chemical and/or mechanical) of the bi-directional DHPR/RyR signaling interaction in NG108-15 cells is unclear, but does not appear to involve activation of a conventional capacitative calcium-entry pathway (101) .
the relationship between bi-directional DHPR/RyR coupling in NG108-15 and cerebellar granule cells is unclear since dialysis with cADPR was not required for retrograde coupling in cerebellar granule cells.
PERSPECTIVES
DHPRs or voltage-gated L-type calcium channels play pivotal roles in transducing extracellular stimuli into a variety of distinct cellular responses including muscle contraction, synaptic plasticity, neurosecretion, and gene regulation. This review has focused on the subset of these processes that are orchestrated by bi-directional coupling between DHPRs and RyRs that occurs within unique signaling microdomains present in cardiac muscle, skeletal muscle, and neurons. These signaling microdomains involve regions of close apposition between cell surface membranes and specialized portions of the ER/SR. The mechanisms and molecular components that coordinate the specialized arrangement of DHPR/RyR signaling microdomains, and how they are differentially regulated in cardiac muscle, skeletal muscle, and neurons is still not understood (104) . Continued work in identifying the constituents of these microdomains and the processes that underlie their formation may lead to approaches that enable the assembly of artificial bi-directional DHPR/RyR1 signaling microdomains within heterologous expression systems.
Such a breakthrough would enable the development of more straightforward and systematic dissections of both the molecular determinants of bidirectional DHPR/RyR coupling and the mechanisms that underlie the assembly of specialized DHPR/RyR microdomains found in excitable cells.
The degree to which a mechanism of bidirectional DHPR/RyR coupling originally defined within one system also applies to another system will likely represent another focus of future research. For example, an increase in cADPR levels and subsequent sensitization of RyR2 to activation by calcium following stimulation of cardiac β-adrenergic receptors has been suggested to contribute to enhanced SR calcium release during sympathetic stimulation (102) . However, the putative role of cADPR in the modulation of RyR function in skeletal and cardiac muscle is controversial (105) . Clearly, much work will be required in order to determine whether or not cADPR influences bi-directional chemical signaling between DHPRs and RyRs in cardiac muscle. Although CICR represents the dominant mechanism of SR calcium release in cardiac muscle, recent reports have suggested that a voltage-sensitive release mechanism may also operate under certain conditions (cAMP, physiologic temperatures, negative membrane holding potentials) in cardiac muscle (106) (107) (108) . Unlike CICR, the voltagesensitive release mechanism is characterized by calcium release that is graded by membrane voltage rather than the magnitude of L-type calcium current (see for 109 review). Although certain properties of the voltage-sensitive release mechanism in cardiac muscle are similar to those observed in skeletal muscle, the molecular details that underlie the voltage-gated SR Ca 2+ release (e.g. a mechanical DHPRRyR2 interaction) are still unknown. Given the complex requirements for its activation and inherent technical difficulties in separating the voltage-sensitive release from CICR (110), the putative role of the voltage-sensitive release mechanism in regulating cardiac muscle contraction is still a very contentious and controversial topic. Nevertheless, if a voltage-sensitive release mechanism does operate under some conditions in cardiac muscle, it will be important to determine if bi-directional DHPR/RYR mechanical coupling regulates calcium conductance through cardiac L-channels as has been documented in skeletal muscle. 
